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Abstract 
The present contribution reports on inorganic oxygen transport membranes (OTM) 
investigated in a specific task of the BIGCO2 project, which is one amongst the largest 
CCS projects in Scandinavia. The membranes are used for separation of oxygen from air 
at temperature typically above 800°C. The work reports on selected membrane materials 
La2-xNiO belonging to the Ruddlesden-Popper phase family. While La2NiO 
membranes are well-known candidates for OTM application, two new materials with 
molar ratio La/Ni < 2 are presented in this publication and their transport properties for 
the first time reported. Furthermore, selected results on membrane fabrication, sealing 
technology and assembly of small modules are presented to demonstrate the progress of 
the work.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The BIGCO2 R&D Platform launched in 2007 focuses on technical research and 
development that may lead up to demonstration of new technologies for carbon capture 
and storage (CCS) at semi-industrial scale [1]. An overall presentation of the different 
R&D tasks within the project is given in Figure 1. The main objectives of BIGCO2 are to 
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pave the ground for gas power generation that employ CO2 capture and storage with the 
potential of fulfilling the following targets: 
 90% CO2 capture rate  
 50% cost reduction  
 fuel-to-electricity penalty of less than 7 percent compared with state-of-the-art 
gas power generation 
 
 
Figure 1 Overview of R&D work carried out within the six tasks defined in BIGCO2 [1]. 
  
Air separation using inorganic oxygen transport membranes (OTMs) is one of the 
technologies investigated in BIGCO2 (Task ‘A’ in Figure 1). By integrating OTMs in 
power plants the fuel can be combusted using pure oxygen leaving only CO2 and steam 
as exhaust gasses. Steam and CO2 can easily be separated, hence enabling power 
generation with close to 100% CO2 capture. Dense OTMs can separate oxygen from air 
with a theoretically infinite selectivity [2]. This is due to the transport mechanism for 
oxygen through the membrane which is defined by bulk diffusion of oxygen ions, rather 
than molecules, in the lattice of the mixed oxygen ion and electron conducting material. 
Both membrane thickness and kinetics of the oxygen surface exchange may determine 
the oxygen flux across the membrane. The membrane is therefore typically designed as 
an asymmetric structure with a thin dense layer coated on a mechanically strong porous 
support to limit diffusion resistance. For commercial deployment of this technology, low 
cost reliable membrane processing and compatible sealing technology for module 
fabrication should be developed.  
Within the BIGCO2 R&D Platform, Task A is dedicated to the development of OTMs 
and modules. The main objectives of the work are to establish fabrication and sealing 
technologies for OTMs and to design and prepare membrane modules for oxygen 
separation. Therefore, known materials are used for knowledge-building competences in 
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planar and tubular membrane manufacturing. These materials include the Ruddlesden-
Popper phases (e.g. La2NiO) and perovskite oxides (e.g. CaTi0.9Fe0.1O3). 
Additionally, efforts are directed towards further development of selected membrane 
materials in order to improve flux and stability.  
Extrusion is chosen for the production of porous ceramic tubes of perovskite related 
materials. Tape-casting is applied for the production of planar porous supports. The 
selective membrane layer is applied by dip-coating, spray-coating or spin-coating. An 
illustration of the membrane architecture (dense membrane layer on porous support) is 
given in Figure 2 a) and b), for tubular and planar membranes, respectively. Examples of 
assymetric membranes developed within the BIGCO2 project is depict in Figure 2 c) and 
d) by cross section SEM micrographs of a tubular and a planar membrane, respectively. 
 
 
a)     b)  
  
c)     d)  
Figure 2 Illustration of membrane architecture (a) and b)) and examples of membranes 
developed within BIGCO2 in form of SEM micrographs of c) tubular membrane 
and d) planar membrane.  
 
For the realization of OTM modules, the development of suitable sealing technology is 
mandatory. Therefore, several seal concepts are investigated in BIGCO2, such as glass 
and glass ceramic seals and brazes.  
In the present contribution selected results on materials development, tubular membrane 
fabrication and sealing technology will be presented to illustrate the progress of the work 
performed in BIGCO2 Task A. 
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2. Experimental 
 
2.1.Material synthesis  
La2xNiO4+ powders were synthesized for x = 0, 0.02 and 0.04 via a polymeric 
complexation route using solutions of metal nitrates mixed in stoichiometric proportions 
and dissolved in de-ionized water. The addition of citric acid was carried out with a 
molar ratio of the cations to the citric acid equal to 3. After stirring the mixture at room 
temperature, the solution was heated at 120°C under constant stirring for 30 min. 
Ethylene glycol was added (citric acid to glycol molar ratio 1:1) and the solution was 
further heated for another 30 min. The prepared sol was then annealed in air at 400°C for 
6 hours and the resulting powder was grounded in an agate mortar and annealed in air at 
800°C. Prepared powders were characterized by X-ray diffraction (XRD) using a 
Siemens D710 diffractometer, confirming that all samples were single phase. 
 
2.2. Membrane fabrication 
Disk shaped membranes of about 1.5 mm thickness and 20 mm diameter were prepared 
by powder pressing-sintering method using all three La2xNiO4+ (x = 0, 0.02 and 0.04) 
powders. The green disks were sintered in ambient air at 1500°C for 2 hours with both 
heating and cooling rates of 100°C/h to achieve a density above 98% of the theoretical 
density. 
Dense symmetric La2NiO4+ tubular membranes as well as porous supports for 
asymmetric membranes are prepared by extrusion using a single screw extruder. The 
pastes are prepared using La2NiO4+spray-pyrolyzed powder and a pyrolyzable pore 
former (corn starch) mixed in a suitable water based solvent-binder system. The mixture 
is extruded through a dye yielding green tubes of approximately 13 mm outer diameter. 
The green tubes were dried in a controlled atmosphere in a custom designed chamber and 
then sintered at 1350°C for 2 hours in air to achieve full densification. Tubular 
membranes of ca. 10 cm length were prepared using the described procedures. 
 
2.3. Membrane sealing and testing 
Prior to testing, both sides of dense disk shaped membranes were carefully polished with 
SiC grinding papers followed by diamond suspensions down to 1 m particle size. The 
membranes were investigated by concentration cell measurements at temperatures 
ranging from 1050°C down to 800°C. The membranes were firstly tested in air (120 
mL/min)/argon (100 mL/min) gradient and then in oxygen (120 mL/min)/argon (100 
mL/min) gradient. Atmospheric pressure was maintained on both sides of the 
membranes. The composition of the permeate sweep gas leaving the cell was measured 
by gas chromatography (Varian CP-4900) and used for calculating the oxygen flux 
across the membrane. The pellets were sealed to an alumina support tube using a gold 
gasket and spring loads.  
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Lab-scale membrane modules, as depicted in Figure 3, were assembled for testing tubular 
membranes. Reactive air brazing method was used to seal the membrane to coated alloy 
caps attached to the steel gas pipes. The latter transport the permeated oxygen (green 
arrows) out of the module, for example in a sweep gas. Scanning electron microscopy 
(SEM) was carried out on cross section surfaces of the interfaces between membrane 
material, seal and coated alloy, using a JEOL JSM-5900LV apparatus.  
 
           
Figure 3 Scheme of OTM module (left) and elements used for module assembly (right). 
 
 
3. Results 
 
3.1. Material investigation 
The oxygen flux of La2xNiO4+ planar membranes with x = 0, 0.02 and 0.04 is shown in 
Figure 4 in air/argon gradient as a function of the temperature. Accordingly, a significant 
improvement of the oxygen flux is observed for the La2xNiO4+ membranes as compared 
to the stoichiometric counterpart. The maximum oxygen flux reaches 0.2 mL cm-2min-1 
at 1000°C in air/argon gradient. From the literature data reporting on the oxygen 
diffusion and surface exchange coefficients, it may be deduced that surface exchange rate 
of oxygen on La2NiO4 will restrict flux for sample thickness below 1.0±0.2 mm 
depending on the temperature and could possibly restrict the flux of our membranes [3]. 
Experiments are in progress to identify rate determining step of these membranes. The 
limiting surface kinetics may be improved by increasing the surface area, addition of a 
noble catalytic layer or a ceramic with better surface kinetics.  
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Figure 4 Oxygen flux of planar La2xNiO4+ membranes measured in air/argon gradient 
as a function of the temperature. Thickness of the pellets is ca. 1 mm which this 
has been corrected for. 
 
The activation energy for the oxygen flux of these membranes was calculated from the 
measured data assuming Arrhenius behaviour and the values are shown in Table 1. 
 
Table 1: Average activation energy for the oxygen flux of the membranes tested in 
air/argon gradient calculated for the temperature region 800-1050°C. 
Material La2NiO4+ La1.98NiO4+ La1.96NiO4+ 
Activation energy (kJ/mol) 86 45 65 
 
 
3.2. Membrane sealing and testing 
In order to develop a suitable sealing technology, air brazing with Ag-Cu (8 mol%) braze 
was evaluated to seal a sintered La2NiO4+ dense tubular membrane to high temperature 
ferritic steel alloy (Sandvik SanergyTM alloy) coated with a corrosion protective layer. 
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The braze shows good wettability to the membrane material and to the ceramic protective 
layer coated on the alloy cap (see Figure 5).  
 
  
Figure 5 SEM micrographs in cross-section view of the interfaces between the sealant and 
dense La2NiO membrane material (left) and between the alloy cap/protective 
coating/seal/ porous membrane (right). CuO tend to segregate in the braze, as 
verified by the dark, Cu-rich phases in the left micrograph. 
 
After sealing, the tubular La2NiO4+ membrane was tested in both air/argon and 
oxygen/argon gradients in the temperature range 850°C to 900°C for several days to 
study the stability of the membrane assembly. The results of these measurements are 
shown in Figure 6. The oxygen flux was corrected for the observed leakage as 
determined by gas chromatography. As an overall, the leakage rate was below 2% of the 
oxygen flux.  
The measurements indicate that the membrane assembly remains stable over the time of 
the experiments within the range of temperature investigated. The flux of the tubular 
membrane (wall thickness 1.4mm, inner area 18 cm2, outer area 26 cm2) reaches up to 
1.36 mL/min at 900°C in air/argon gradient. This gives on average a flux for the inner 
and outer surface of 0.07 and 0.05 mL/min cm2, respectively which is in reasonable 
agreement with the flux for the planar disk as tested above with an expected flux of 0.05 
mL/mincm2 for a 1.4 mm thick dense membrane (thickness of 0.8 mm and 0.087 mL/min 
cm2), considering decreasing gradients along the tube. Bulk diffusion is under these 
conditions controlling the oxygen flux.  
Increasing the feed oxygen partial pressure from 0.2 atm to 1 atm O2 at 850°C yields a 
significant increase in the oxygen flux. Decreasing the feed oxygen partial pressure 
yields a reversible decrease in the oxygen flux, indicating good stability of the membrane 
and the assembly during the experiment.  
Though the cap/seal/membrane assembly shows a rather stable behavior at temperature 
above 800°C, further decrease in the temperature provokes cracking of the membrane at 
the cap/seal/membrane interface. Work is in progress to improve the design of the OTM 
reactor to alleviate mechanical stress between the different components and to improve 
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the thermo-mechanical compatibility between the membrane, the seal and the alloy cap 
material in order to ameliorate the cycling behavior of the assembly. 
 
 
Figure 6 Oxygen flux of tubular La2NiO4+ membrane measured in air/argon and 
oxygen/argon gradients (50% and 100% O2) as a function of the temperature and 
time.  
 
4. Conclusions 
As part of the activities carried out in BIGCO2, new membrane materials for OTMs are 
being investigated to develop stable and highly permeable membranes. In this 
presentation, novel mixed ion and electron conducting materials formulated La2-xNiO4+ 
with x = 0.02 and 0.04 were shown to exhibit higher oxygen flux as compared to their 
stoichiometric counterpart La2NiO4+. Work is in progress to elucidate the origin of this 
improved performance. A protocol for the fabrication of tubular membranes has been 
developed enabling to manufacture ca. 10 cm long dense membranes using extrusion. Air 
brazing method is investigated for sealing the membranes using high temperature alloy as 
housing material. To avoid corrosion issue, a protective coating is applied to the end seal 
of the reactor. Preliminary test results on the developed modules indicated reasonably 
good sealing of the membranes and a flux in agreement with expected data.  
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